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GROUND EFFECTS ON A FOUR-PROPELLER TILT-WING CONFIGURATION
OVER A FIXED AND A MOVING GROUND PLANE

By Kenneth W. Goodson
Langley Research Center

SUMMARY

A wind-tunnel investigation of a four-propeller tilt-wing V/STOL configuration in
ground proximity with and without ground-plane boundary layer has been conducted.
Tests were made at transition-speed conditions to determine the effect of ground prox-
imity and the effect of ground-plane boundary layer on the measured aerodynamic
results,

The investigation showed that considerable reductions in lift and drag coefficients
occur for some wing-flap angle combinations when the tilt-wing configuration is moved
into ground proximity under near-equilibrium thrust conditions. The adverse effects of
the ground on the lift coefficients are intensified under accelerating thrust conditions.
Under accelerating conditions, the drag coefficient is also further reduced and this
reduction should aid the acceleration.

For high-lift, high-thrust conditions, the presence of a boundary layer on the wind-
tunnel ground plane causes a reduction in the lift and drag coefficients in ground effect
for the tilt-wing configuration. Effects of ground-plane boundary layer are evident in
both the tail-off and tail-on pitching moments. The results show that wind-tunnel ground-
effect tests of tilt-wing configurations should be made with ground-plane boundary layer
removed if ground-effect aerodynamic characteristics are to be simulated, especially for
high-1lift, high-thrust conditions.

INTRODUCTION

Investigation of various airplane configurations in ground proximity in wind tunnels
(ref. 1) has shown that the measured aerodynamic characteristics for high-lift condi-
tions can be appreciably altered by the boundary layer which exists on a fixed ground-
plane. Some test results obtained on a four-propeller tilt-wing V/STOL configuration
over a fixed ground plane (ref. 2) showed large reductions in lift and drag at low ground
height.



The present investigation conducted in the 17-foot (5.18-meter) test section of the
Langley 300-MPH 7- by 10-foot tunnel was undertaken in order to investigate the effects
of removing the ground-plane boundary layer through use of the moving-belt ground
plane and to obtain ground-effect data with the ground-plane boundary layer removed.
Aerodynamic data obtained on other models of the four-propeller tilt-wing V/STOL con-
figuration are presented in references 3, 4, and 5.

SYMBOLS

In order to avoid the problem of conventional coefficients approaching infinity at
high thrust coefficients and to make the data compatible with the data of reference 2, the
present results are presented in the form of coefficients based on the dynamic pressure
in the slipstream. The coefficients based on slipstream dynamic pressure are indicated
by the subscript s. The slipstream coefficients can be converted to conventional coeffi-
cients by dividing by (1 - CT, s>; that is,

The positive directions of forces, moments, and angles are indicated in figure 1.
Data for the complete model are presented about the stability axes with moments pre-
sented about the center of gravity, as shown in figures 1(a) and 2.

Measurements for this investigation were taken in the U.S. Customary System of
Units. Equivalent values are indicated herein in the International System of Units (SI) in
the interest of promoting use of this system in future NASA reports. Details concerning
the use of SI, together with physical constants and conversions, are given in reference 6.
(Also, see the appendix.)

b wing span, ft (meters)

c wing chord, ft (meters)

c mean wing geometric chord, ft (meters)

CD,s drag coefficient based on slipstream, Drag

ds

CL lift coefficient based on free stream, Liit

C lift coefficient based on slipstream, Lift
L,S qSS




(C1,s)w  slipstream lift coefficient at h/c = «
b
Cm,s pitching-moment coefficient based on slipstream, Pitchir;g Srréoment
s
Crs average slipstream thrust coefficient based on slipstream and total thrust
b
of all propellers, Thrust
7D2
qu( 1 )
(CT,S)nomin al nominal thrust coefficient used to identify curves, usually Crp g
at a=0°
D propeller diameter, ft (meters)
h height of fuselage bottom above ground, ft (meters)
h/c ratio of fuselage height to wing mean geometric chord
it horizontal-~tail incidence angle with respect to the fuselage reference line,
deg
iw wing-incidence angle with respect to the fuselage reference line, deg
M airplane pitching moment, ft-1bf (meter-newtons)
N number of propellers
2
q free-stream dynamic pressure, —;-pr , Tof/ft2 (newtons/meter2)
ag slipstream dynamic pressure, q + T 30 1bf/ft2 (newtons/meter?)
7D
N( 7 )
r propeller radius to any section, ft (meters)
R maximum radius of propeller, ft (meters)
S wing area, £t2 (meters?)
T total thrust of all propellers, 1bf (newtons)
v local-stream velocity, ft/sec or knots (meters/second)



Voo free-stream velocity, ft/sec or knots (meters/second)

w airplane weight, 1bf (newtons)

a angle of attack of fuselage reference line, deg

B angle of sideslip, deg

O¢ flap deflection, deg

Oy vane deflection, deg

A incremental change between in-ground proximity and out-of-ground

proximity (see fig. 28)

p mass density of air, slugs/ft3 (kilograms/meter3)
Subscripts:

corr corrected

D= zero drag

eq equilibrium condition

max maximum

meas measured

MODEL AND APPARATUS

The present investigation utilizes the 1/11-scale model of reference 2. A drawing
of the complete model showing the important dimensions and other physical characteris-
tics is presented in figure 2. The drawing shows the wing at zero and 909 incidence.

The wing-incidence angle could be changed remotely through a range from 0° to 90°. The
wing construction consisted of an aluminum box spar covered with mahogany to obtain the
airfoil contours. The wing was fitted with a double-slotted flap. (See fig. 3.) When the
double-slotted flap was deflected 30C and 40°, the flap vane angle was 20° and 309,




respectively. Figure 4 shows details of the leading-edge slat used on the model in con-
junction with the double-slotted flap.

The fuselage was constructed with an aluminum strong back covered with mahog-
any panels. A sketch showing the fuselage cross sections is presented in figure 5. Wing-
fuselage ramps used to improve the airflow in the center section are shown in figure 6.
The all-movable horizontal tail (shown in fig. 2) could be set at various angles with
respect to the fuselage reference line.

The geometric characteristics of the propellers are shown in figure 7. The four-
blade propellers were constructed of resin-bonded glass fibers over a balsa-wood core
and were mounted 5.6 percent propeller diameter below the wing-section chord line.
The propellers were driven by four variable-frequency '7%- horsepower electric motors.
The directions of rotation are shown in figure 2. Each electric motor was instrumented
to record the propeller thrust.

The investigation of ground effects was conducted in the 17-foot (5.18-meter) test
section (located in the effuser, see appendix of ref. 7) of the Langley 300-MPH 7- by
10-foot tunnel. Photographs of the sting-supported model mounted on an electrical
strain-gage balance in the test section are shown in figure 8.

A discussion of the moving-belt ground-plane equipment is given in references 1
and 8. Figure 9 shows a sketch of the moving ground plane consisting of a fabric belt
between two rollers driven by an electric motor. The ground plane was 144 inches
(366 cm) wide by 121 inches (307 cm) long. The boundary layer ahead of the belt was
removed with a suction slot just upstream of the moving ground plane. Boundary-layer
buildup on the moving ground plane could be prevented by operating the belt at approxi-
mately free-stream velocity. The effect of the moving belt on the boundary-layer profile
is shown in figure 10,

TESTS AND CORRECTIONS

The thrust coefficients presented in this report are based on the total propeller
thrust measured for each test point. The propeller blade angle at the 3/4-radius sta-
tion was equal to 120 for all tests. The propeller rotational speed was held constant
(7000 rpm) for all tests. The tunnel velocity was predetermined for each test to obtain
the nominal thrust coefficient for the fuselage level condition (o = 00). The thrust coef-
ficient established at zero angle of attack, however, did not remain constant with change
in angle of attack because of the change in propeller characteristics with change in angle
of attack, as seen in the various data figures. The present power-on tests were made
over a range of slipstream thrust coefficients from 0.6 to 0.9 at a slipstream dynamic
pressure of about 10 1bf/ft2 (478.8 N/m2), The Reynolds number based on this



slipstream dynamic pressure and wing mean aerodynamic chord of 8.8 inches (22.35 cm)
was about 0.51 X 106,

For most of the tests, the wing was tilted 200, the flap was deflected 60°, and the
leading-edge slat was on. This configuration was tested at nominal ratios of ground
height to chord length of 0.40, 1.09, 1.70, and 9.20 (measured from bottom of fuselage to
ground plane at a =09 with power off) for nominal slipstream thrust coefficients of 0.6,
0.8, and 0.9 throughout an angle-of-attack range from approximately -89 to as high as 240,
Some tests were made at zero angle of attack over a thrust-coefficient range and height
range for various wing-tilt angles with the flaps deflected 40° and 60° and with the
leading-edge slat on.

It should be noted that the heights presented are nominal values obtained at a = 0°
with power off. With power on, the lifting model deflects the sting support, and an incre-
mental change in height results. The height also changes with angle of attack because
the sting-support mechanism rotates about a point other than the height reference point
on the model fuselage. The data presented herein have not been corrected for these
incremental changes in nominal height since they are small. (For example,

Ah = 0.34 inch (0.86 cm) for iy =20° and 6&;=60° based on (Cp, g)max at

h/¢ =0.40 and (CT,s)nominal ~0.67.) The relative changes between the aerodynamic
data for the belt fixed and for the belt moving would not significantly affect the intended
comparisons; however, the corrected heights with respect to the fuselage bottom can be
obtained by use of the following equation:

h = 38.4(1 - cos a) + (hmeas)

corr Ccos O + 0'004(CL,S cos o + CD,s sin a)qSS cos o

a=0°

where qg =10 1bf/ft2 (4'78.8 N/m?) for the model tests.

A study (ref. 9) of the effects of tunnel walls on the aerodynamic characteristics of
V/STOL configurations, which uses the method of reference 10, shows that for small
ratios of model size to tunnel size, the corrections to lift and drag are small. In view of
these findings and the relatively small size of the present model, wall corrections have
not been applied to the results of this study.

PRESENTATION OF RESULTS

The aerodynamic characteristics of a four-propeller tilt-wing configuration
obtained from this investigation are presented in the following figures.
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The results obtained with this basic wing-flap configuration (tail off) at various
thrust coefficients and ground heights for both a stopped and a moving ground-plane belt
are presented in figures 11 and 12, These data have been cross plotted to compare
directly results at various ground heights, as shown in figures 13 and 14. The basic data
have also been combined in figures 15 to 17 in such a manner as to compare directly the
results obtained with the ground-plane belt stopped and moving at given ground heights.

A limited amount of data obtained as a function of slipstream thrust coefficient for
several other wing-tilt angles and flap angles at a = 0° is shown in figures 18 to 20.
Some additional data were obtained at various horizontal-tail incidence angles to study
the effects of ground-plane boundary layer with the horizontal tail on (figs. 21 to 27).
Results of the investigation are summarized in figures 28 to 35.

DISCUSSION

Ground Effects

The following discussion of ground effects will be made by comparing out-of-
ground-effect data with in-ground- effect data obtained with the moving ground belt
(ground-plane boundary layer removed).

Lift and drag characteristics.- The limited ground-effects data of reference 2
showed reductions in 1ift and drag coefficients for tests made in the presence of a
ground-plane boundary layer. Similar results (tail-off configuration) were obtained in
the present investigation with the boundary layer removed, as can be seen in figures 15,
16, 17, and 28. Figure 28 shows approximately a 15-percent lift loss at h/c = 0.40 for
(CT,s) nominal =~ 0.67, with larger losses being incurred at higher thrust coefficients.

Note that (CT,

S)nomin al = 0.67 more nearly represents the equilibrium condition

(CD,s =0 at a= 00) than do the higher thrust coefficients. (See fig. 17.) Under
accelerating thrust conditions, the drag coefficient is also further reduced and this reduc-
tion should aid the acceleration. The effects of ground proximity for other wing-tilt
angles obtained by cross plotting data of figures 19 and 20 are shown in figure 29. (Note
that the wing-incidence angle shown represents the actual angle of attack of the wing
since the fuselage is held at « = 00.) This figure shows that reductions in lift and drag
coefficients due to ground proximity (belt moving) are also experienced at other wing-
tilt angles (iy = 20° to 56°) for the flaps deflected either 40° or 60°, especially at the
higher thrust coefficients, These results, however, show the ground effect to be more
severe than would probably be encountered by the airplane in its operating range, since
they do not represent thrust-drag equilibrium. Comparison of the results of figures 29
and 30 at a given wing-tilt angle (for example, iy = 409) shows that the ground-effect




increment is considerably smaller under equilibrium conditions (fig. 30; Cp g=0"
’
~at a= 00, tail-off configuration) than would be surmised from figure 29.

Figure 30 shows that under equilibrium conditions (CD,s =0 at a=09), the main
effect of ground proximity is the reduction in slipstream thrust coefficient required,
especially at the higher wing-tilt angles. To understand better what this means as far as
the airplane is concerned, the data of figure 30 have been converted to thrust-weight
ratios and equilibrium velocities for a wing loading of 70 lbf/ft2 (3350 N/ m2). (See
fig. 31.) Figure 31 shows that airplane response to ground effect is an increase in speed
(approximately 37- to 59-percent increase at iy, = 40°) and some reduction in thrust-
weight ratio (approximately 10- to 13-percent reduction at iy, = 400) with the flaps
deflected 40° and 60°. The magnitude of these effects will be altered somewhat by use of
the programed wing-flap combination and by addition of the tail surfaces. The magni-
tudes will also be different under accelerating and decelerating conditions. At wing-tilt
angles from 09 to 209, ground effects tend to be small.

The data of figures 24 and 27 (belt moving) for h/c = 0.40 with i; =100 and data
of figure 21 for h/C =9.20 = » have been combined as figure 32 in order to show
directly the effect of ground proximity on the model with the horizontal tail on. Compari-
son of lift data from figures 21, 24, 27, and 17 shows that addition of the horizontal tail to
the model reduced the lift coefficient somewhat out of ground effect (h/c = =), but did not
alter the lift in ground effect at h/c = 0.40. The drag characteristics were not appreci-
ably affected at either ground height shown (h/c =~ or h/c =0.40). The effect of
horizontal-tail incidence angles on the lift and drag ground-effect increments is shown in
figure 33.

Pitching-moment characteristics.- Figure 29 indicates that ground proximity (belt
moving) can appreciably affect the pitching-moment coefficients, especially at the higher
thrust coefficients. It is felt that these large values are misleading since these results
are not in thrust-drag equilibrium. To substantiate this observation, the data of fig-
ures 19 and 20 have been cross plotted at CD,s =0 to show actual tail-off equilibrium

results. (See fig. 30.) Figure 30 shows the equilibrium pitching-moment increments on
the wing-flap-body combination to be very small, as is also shown by the scaled-up
pitching-moment ratios (for W/S = 70 Ibf/ft2 (3350 N/ m2)) of figure 31. With the hori-
zontal tail on, however, there are significant changes in pitching-moment coefficients
both in and out of ground effect (compare figs. 17 and 32), primarily caused by the down-
wash at the tail. The main effect of the ground on the pitching moments (nose-down
changes in moments) occurs with the tail on and is due to the ground-imposed changes in
the downwash at the tail.

' The data of figure 29 show that for accelerating thrust conditions
((CT,s)n ominal = 0.80 and 0.90), fairly large nose-down pitching-moment increments



are produced in ground proximity at the higher wing-tilt angles (tail-off configuration).

It should be noted that similar nose-down pitching-moment characteristics are obtained .
for iy =200 and & = 60° for angles of attack above (CL,S)max' (See figs. 16 and 17.)
The downwash associated with this change in pitching moment (and lift) would be expected
to alter the tail-on characteristics. The effect of horizontal-tail incidence angles on
pitching moment is shown in figure 33.

To give a clearer picture of the effects of ground height on pitching moment for the
model with the horizontal tail on, the pitching-moment data of figures 21, 25, 26, and 27
(it = 100) are presented in figure 34. This figure shows that for iy =200 and i; = 10°,
the ground-effect increment in pitching moment varies considerably with change in angle
of attack of the configuration.

Effect of Ground-Plane Boundary Layer

As shown in reference 1, the aerodynamic characteristics of high-lift configura-
tions tested in wind tunnels can be appreciably altered by boundary-layer buildup on a
fixed ground plane when in close proximity to the ground. The high-energy deflected
flow of high-lift configurations can penetrate forward beneath the low-energy boundary
layer of a fixed (stopped belt) ground plane and thereby alter the flow around the model
and hence its aerodynamic characteristics. This section deals with comparison of data
obtained on the present tilt-wing configuration in ground proximity with the ground belt
stopped and moving (with and without boundary layer). The basic data showing the effects
of ground-plane boundary-layer buildup on the aerodynamic characteristics of the present
tilt-wing model are shown in figures 15 to 17.

Lift and drag characteristics.- The preceding section entitled "Ground Effects"
showed that ground proximity (with ground-plane boundary layer removed — belt moving)
had considerable effect on the lift and drag characteristics of the present tilt-wing con-
figuration. The effect of not removing the ground-plane boundary layer on the ground
effects can be seen from figures 15 to 17 and 28 to 33 by comparing the ground-belt-
stopped data with the ground-belt-moving data. These results show that for iy = 200
and &= 609 and for near-equilibrium thrust conditions (CD, g =0 at
(CT, S)nominal = 0.67), the effect of stopping the ground belt is relatively small. However,

when the thrust level is increased to (CT S>nominal ~ (.82 and 0.91 (accelerating values),
b4

the effect of the ground-plane boundary layer on the ground-effect increment becomes
considerably larger at the lowest ground height. (See fig. 28.) These lift characteristics
have also been plotted in conventional coefficients to show more graphically the effects of
increasing the thrust level at a given wing incidence. (See fig. 35.) These figures show
that for some conditions, reductions in lift and drag caused by the boundary layer become
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larger at higher angles of attack especially for angles above (CL S)m ax’ Figure 29

’
shows that the effects of ground-plane boundary layer are also dependent upon the flap
angle. Similar boundary-layer effects are observed with the horizontal tail on.

These results indicate that wind-tunnel tests of tilt-wing configurations should be
made with the ground-plane boundary layer removed if ground-effect aerodynamic char-
acteristics are to be simulated, especially for high-lift, high-thrust conditions.

Pitching-moment characteristics.- The data of figures 15, 16, 17, 28, and 29 show
that the pitching moment (tail-off configuration) is affected by the ground-plane boundary
layer primarily at high-thrust conditions and at high angles of attack, especially angles
above maximum lift coefficient. Similar effects of ground-plane boundary layer were
obtained with the horizontal tail on the model. (See figs. 32, 33, and 34.) A comparison
of the tail-off pitching-moment data of figures 15, 16, and 17 with the tail-on pitching-
moment data of figure 34 shows that ground-plane boundary layer primarily affects the
wing-flap combination with only secondary effects being associated with the tail.

CONCLUDING REMARKS

A wind-tunnel investigation of a four-propeller tilt-wing V/STOL configuration in
ground proximity with and without ground-plane boundary layer has indicated the fol-
lowing conclusions: Tests of the tilt wing over a moving ground plane (which simulates
still free-air conditions — no boundary layer on the ground) has shown that considerable
reductions in lift and drag coefficients are experienced as the model moves into ground
proximity for near-equilibrium thrust conditions. For higher thrust conditions (accelera-
tion values), the losses are larger. Under accelerating thrust conditions, the drag coef-
ficient is also further reduced and this reduction should aid the acceleration. The results
indicate that ground proximity does not appreciably affect the tail-off pitching moments
for any of the wing-tilt angles of the investigation. With the horizontal tail on, however,
the ground-induced change in downwash at the tail does affect the tail-on pitching
moments. The magnitude of the ground effects is dependent upon the wing-tilt angle,
the flap angle, and the thrust condition.

Comparison of wind-tunnel data obtained over a moving ground plane (boundary
layer removed) with that of a fixed ground plane (with surface boundary layer) shows
that under high-lift, high-thrust conditions the ground-plane boundary layer causes a
reduction in the lift and drag coefficients for the model in close ground proximity.

The results show that wind-tunnel tests of tilt-wing configurations should be made with
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the ground-plane boundary layer removed if ground-effect aerodynamic characteristics
are to be simulated, especially for high-lift, high-thrust conditions.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., January 16, 1967,
721-01-00-17-23.
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APPENDIX
CONVERSION TO INTERNATIONAL SYSTEM OF UNITS (SI)

Factors required for converting the U.S. Customary Units used herein to the
International System of Units (SI) are given in the following table:

Conversion
Physical quantity U.8. Castomary fa(ctor SI Unit
*)

Area . . ....... ft2 0.0929 |meters2 (m?)
Density. . . . .. .. slugs/ft3 515.379 |kilograms/meter3 (kg/m3)
Force .. ...... 1bf 4,4482 newtons (N)
Length . . . . . ... in. 0.0254 meters (m)

ft 0.3048 meters (m)
Moment ... .. .. ft-1bf 1.3558 meter-newtons (m-N)
Pressure. . . . . .. 1bf /t2 47.8803 |newtons/meter2 (N/ m2)
Velocity . .. . ... ft/sec . . 0.3048 |meters/second (m/sec)

knots (international)| 0.51444 |meters/second (m/sec)

*Multiply value given in U.S. Customary Unit by conversion factor to obtain
equivalent value in SI Unit,
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Figure 10.- Effect of moving belt on boundary-layer profile of ground plane at model moment center. V is velocity in boundary layer;
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(a) Ground belt stopped.

00, b = 0%, horizontal tail off;

w:

a = 09 slat off.
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Figure 18.- Effect of ground height on the aerodynamic coefficients for a range of thrust coefficients.
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Figure 18.- Concluded.
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Figure 19.- Effect of wing incidence on the aerodynamic coefficients for a range of thrust coefficients.
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- Fffect of wing incidence on the aerodynamic coefficients for a range of thrust coefficients.
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Figure 29.- Ground effect and effect of ground-plane belt on the aerodynamic coefficients for a range of wing-incidence angles and
thrust coefficients. Slat on; horizontal tail off; a = 00.




masnnoerupnys SN pyu s 7
§8 HH ;/?,t f
HH HAH ; H

bW
XS

-t e Belt HEHH A

—— 920z auidiniess

SReEERERANNS —_— 40 Moving i
TEHTT ———— 40 Stopped H a
LA TN 11 a HH 1T HTH
\ T SEumueaspiEangs . g H
b * . ARG I
TN ] }
TN A dsiateatacta:

Y H a A LA
] r/gm T 17
. | 7anggu EUEER B}
E;ﬂ' .
H Fs3h
g 1 H

40 60 0 20 40 60 O 20 40 60
iy, deg iw,deg iw,deg

(b ()f = 600,

Figure 29.- Concluded.



10 ] 3

LITT

Crshy |

Ot HH 8
T il gEEgiasss g
I i ; B Sansdnadsnadsadantasy
0 4 FHH H 11 P LT
: SRas g
- L 1 = 1T
14 % B ,,‘5/,‘ agna
(Cm'S}OQ T (] 1]
AT
-2 T SRl H I
i ¢ Belt i sEasseulble il
-d —920m0  — ; g il iasss
! Hj —— 40 Moving ilest ]
Y - 40 Stopped H
SaRsES tH 11 i H
L i 1 & o = H
o H R TR HH- TN H
4 t H4H 4 | T
sepspdis T gas i H

( CL,S)“

HH HH M
HH k
5 HE HH H s

olil S I b e
0 10 20 30 40 50 60 0 1w 20 30 40 50 60
iy, deg Iy, deg

Figure 30.- Ground effect and effect of ground-plane belt on the equilibrium aerodynamic coefficients for a range of wing-incidence angles.
Slat on; horizontal tail off; a = 09; Cp,s = 0.

82




<

knots
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Figure 33.- Effect of a moving and a stopped ground-plane belt on the incremental aerodynamic changes due to ground proximity over a
range of horizontal-tail incidence angles. iy = 20, 6f = 600, a = 09 slat on; h/C = 0.40.
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